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Abstract- In this study; The effects of flame structures on engine characteristics and flame development have been 
numerically investigated at a sequential ignition engine. A single cylinder of the Honda L13A4 i-DSI (Intelligent-Dual 
Sequential Ignition) engine (intake-exhaust manifold connections, intake-exhaust valves, cylinder, cylinder head, piston, 
spark-plugs etc.) was modeled in STAR-CD/es-ice software for the gasoline usage taking into account all components 
related to the combustion chamber. In the numerically modeled engine, there are two spark plugs located in different zones 
in each cylinder. With sequential ignition made at different times, it is possible to increase the combustion efficiency, reduce 
the HC emission and reduce the fuel consumption by providing more efficient reaching of the flame in-cylinder. The ignition 
difference between the two spark plugs is determined by the electronic control unit (ECU) of the engine between 2-5 CAD 
depending on the number of revolutions. In the analysis, engine speed is 3000 rpm, compression ratio is 10.8: 1, air-fuel ratio 
is 0.9, ignition advance at 30-25 CAD, were kept constant. The optimum flame radius value was determined in these 
conditions and k-ε RNG turbulence model, Angelberger wall interaction and G-equation combustion model were used. The 
effect of flame on engine characteristics is the function of flame radius and flame thickness. Prior to the numerical studies, 
the number of mesh and cold flow studies were performed. In the study, three different analysis were carried out to 
determine the effect of the flame radius. In simulations, the flame radius was changed to 0.0005 m, 0.0010 m and 0.0020 m, 
respectively. As a result of the study, images of flame formation and development were obtained for the time period up to 
the top dead center at the time of sequential ignition. It was determined that the net work area was obtained from the highest 
power and pressure-volume graph when the flame radius was 0.0010 m for the specified operating conditions. 
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I. INTRODUCTION 
 
The effects of technological advances are also seen in 
the automotive world. Experimental research on 
internal combustion engines, one of the most 
important research areas of the automotive field, 
requires high costs and time-consuming. The 
importance of numerical modeling studies for internal 
combustion engine is increasing day by day and 
numerical modeling studies save time and reduce 
costs.  
 
The effect of many parameters on engine 
performance and exhaust emissions can be examined 
ultimately with the modeling software. Examples of 
these parameters are: flame properties, loading 
conditions, compression ratio, combustion 
mechanisms, alternative fuel additives, alternative 
fuel usage, combustion chamber geometry, etc. 
Engine modeling studies are carried out through 1-D 
modeling and 3-D modeling methods. In this context, 
many software are used such as Ricardo-Wave and 
STAR-CD/es-ice, AVL-Fire, GT-Power etc. Through 
the studies carried out in these software, many results 
can be obtained about the actual engine behavior.  
 
As can be seen in the literature, it was conducted 
several studies on the engine modelling and flame 
propagation by this time. Chen et al. [1], determined 
to the critical flame radius is larger than the flame 
thickness and the minimum ignition energy is a 
function of the critical flame radius. Yontar et al. [2] 

investigated the effects of ignition advance on flame 
propagation, engine characteristics and they observed 
that the optimum ignition advance was 50 CAD from 
the top dead center in terms of engine performance 
and exhaust emissions. Huang et al. [3] determined to 
the flame radius increases with time but the 
increasing rate decreases with flame expansion for 
lean mixture combustion in their works. Pischinger 
and Heywood [4], investigated about the Kernel 
flame propagation model for a spark-ignition engine 
and conluded that Kernel grows more slowly with 
higher heat losses about up to 1.5 mm Kernel flame 
radius. Kelley and Law [5], examined to various 
factors effecting the determination of laminar flames 
speeds. They suggested that the laminar flame speed 
from expanding spherical flames can be facilitated by 
using small ignition energy and a large combustion 
chamber. Huang et al. [6] investigated to laminar 
flame characteristics and effects of flame radius. 
They determined to the flame radius increases with 
time but the increasing rate decreases with flame 
expansion for lean mixture combustion. Dowdy et al. 
[7] used a new technique for determining burning 
velocities via flame radius. A phenomenological 
model has been developed to obtain the 1-D flame 
speed by extrapolation to infinite radius. Kelly et al. 
[8] investigated to critical radius for sustained 
propagation of spark-ignited flames. They determined 
to sustained propagation depends on whether the 
initially ignited flame can attain a minimum radius 
according to Lewis number. Hepkaya et al. [9], used 
Coherent Flame Model for visualize fluid flow and 
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combustion characteristics of a single cylinder spark 
ignition engine via Star-CD/es-ice software. They 
observed that CFM predicts faster flame propagation 
and reaches higher temperature and pressure 
compared to experimental data. Deshaies and Joulin 
[10], used asymptotic expansions for the initiation of 
a spherical flame Kernel in their works. They focused 
on two means to modify, or even suppress, such a 
critical flame size. As a result, they developed a 
correlation with the development of Kernel flame. In 
this study; The effects of flame structures on engine 
characteristics and flame development have been 
numerically investigated at a sequential ignition 
engine.  
 
II. COMBUSTION MODELLING 
 
This work focuses on determined optimum flame 
radius via numerical simulation of flame propagation 
in a cylinder with STAR-CD/es-ice software. In the 
3-D cylinder model was built including the entire 
cylinder from the beginning of the intake port to the 
end of the exhaust port. Technical specifications of 
the modelled sequential spark ignition engine are 
given in Table 1. 
 
A single cylinder of the Honda L13A4 i-DSI 
(Intelligent-Dual Sequential Ignition) engine (intake-
exhaust manifold connections, intake-exhaust valves, 
cylinder, cylinder head, piston, spark-plugs etc.) was 
modeled in STAR-CD/es-ice software (Figure 1) for 
the gasoline usage taking into account all components 
related to the combustion chamber. 
 
A solid model of all geometric details surrounding the 
cylinder combustion volume is required for 3-D 
combustion modelling. Modeled Honda L13A4 i-DSI 
(Intelligent Dual Sequential Ignition) commercial 
engine has a very different and non-standard in-
cylinder combustion geometry. This engine’s intake 
port is designed for high swirl ratio (1.10-1.36) and 
tumble ratio (1.30-1.58) for strengthens turbulent 
motion at the compression and raise the flame 
propagation speed. Fuel is injected into the intake 
port behind the intake valve thus fuel-air mixture is 
fed into the cylinders. There are two spark plugs 
located in different zones in the cylinder. The spark 
plugs are positioned closer to the intake and the 
exhaust valve sides. The sequential ignition system 
ignites at the same speed in the idle state and above 
4000 rpm. The piston combustion chamber of the 
engine is completely asymmetrical. The cylinder head 
structure is a pent-roof head [11-12]. The cylinder 
modelling phase, dimensions of related engine parts 
are measured with a CMM device. Then, each 
cylinder parts (piston, cylinder, ports, valves and 
spark plugs) are separately formed in CAD software. 
The parts are then assembled and the enclosed 
volume created. 
 

 
Table 1. Specifications of the engine 

 
In the numerically modeled engine, there are two 
spark plugs located in different zones in each 
cylinder.  
 
With sequential ignition made at different times, it is 
possible to increase the combustion efficiency, reduce 
the HC emission and reduce the fuel consumption by 
providing more efficient reaching of the flame in-
cylinder. The ignition difference between the two 
spark plugs is determined by the electronic control 
unit (ECU) of the engine between 2-5 CAD 
depending on the number of revolutions. In the 
analysis, engine speed is 3000 rpm, compression ratio 
is 10.8: 1, air-fuel ratio is 1.2, ignition advance at 30-
25 CAD, were kept constant.  
 

 
Figure 1. Mesh structure of cylinder 

 
The flame propagation phase is modeled by the flame 
surface density (FSD) transport equation.  
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The expressions in this equation are given below.  

 
 
The theoretical flame speed Si is calculated as 
follows. 

 

 
There are 2 alternative reaction mechanisms for CO 
and CO2 kinetics chemistry. The first consists of a 
simple reversible mechanism. Secondly, the oxidation 
mechanism of 4 steps is presented as an alternative to 
simple mechanism. Here, the fuel is first cracked into 

C2H4 and CO, H2 are oxidized and transformed into 
CO2 and H2O. 

 
For NO chemistry, the classical extended 3-step 
Zel'dovich mechanism is solved. Related reactions 
are listed below. 

 
 
The optimum flame radius value was determined in 
these conditions and k-ε RNG turbulence model, 
Angelberger wall interaction and G-equation 
combustion model were used. The effect on flame 
engine characteristics is the function of flame radius 
and flame thickness. Prior to the numerical studies, 
the number of mesh and cold flow studies were 
performed. In the study, three different analysis were 
carried out to determine the effect of the flame radius. 
In simulations, the flame radius was changed to 
0.0005 m, 0.0010 m and 0.0020 m, respectively. 
 
III. RESULTS AND DISCUSSION 
 
As a result of the study, images of flame formation 
and development were obtained for the time period 
up to the top dead center at the time of sequential 
ignition and 3-D model results are shown in Figure 2. 
It was determined that the net work area was obtained 
from the highest power and pressure-volume graph 
when the flame radius was 0.0010 m for the specified 
operating conditions. 
For 0.0020 m flame radius, 13% reduction was 
observed on the power due to the premature 
completion of combustion. 
 
For the flame radius was 0.0005 m, the maximum 
pressure and temperature formation occurs at the 
middle of the expansion time as a result of the slow 
progress of the flame in the cylinder. Therefore the 
power drops by about 15%. 
 
The small radii cause the temperature to be low, 
causing the amount of NOx to decrease but not the 
whole of the mixture to enter the reaction. 
 
Large-radius flame formation allows the flame to 
penetrate the entire mixture. Since the high 
temperatures in the cylinder occur, the amount of 
NOx increases. 
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Figure 2 : The effects of flame radii on engine characteristics 

 
CONCLUSIONS 
 
In this study, a sequential spark ignition engine 
characteristics were determined for different flame 
radii via 3-D modelling approach. 
 
As a result of the study carried out, it was determined 
that the optimal ignition flame radius for the specified 
operating conditions is 0.0010 m. When the flame 
radius was doubled (0.0020 m), 13% reduction was 

observed on the power due to the premature 
completion of combustion and the early formation of 
the effective temperature and pressure. 
When the flame radius is reduced to half (0.0005 m), 
the maximum pressure and temperature formation 
occurs at the middle of the expansion time as a result 
of the slow progress of the flame in the cylinder. For 
this reason, the power drops by about 15%. 
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In the study, three different analysis were carried out 
to determine the effect of the flame radius. In 
simulations, the flame radius was changed to 0.0005 
m, 0.0010 m and 0.0020 m, respectively. As a result 
of the study, images of flame formation and 
development were obtained for the time period up to 
the top dead center at the time of sequential ignition. 
It was determined that the net work area was obtained 
from the highest power and pressure-volume graph 
when the flame radius was 0.0010 m for the specified 
operating conditions. 
 
The study shows that the optimum radius of flame for 
the specified operating conditions is 0.0010 m. 
Depending on engine operating conditions, variable 
spark plug gap, multiple spark plug or sequential 
spark use for smaller flame radius formation can be 
used to achieve more efficient flame propagation in 
engine. 
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